AD-A038  680 

unclassified 


MARYLANO  UNIV  COLLEGE  PARK  DEPT  OF  PHYSICS  AND  ASTRONOMY  F/8  20/8 
ELASTIC  A NO  INELASTIC  CONTRIBUTIONS  TO  THE  AU6ER  ELECTRON  APPEA— ETC(U) 
MAR  TT  M DEN  BOE*.  P I COHEN.  R L PARK  N0001A-75-C-0292 

NL 


.1  OF  | 
AA038680 

■ 

1 & 

1 •*  ' ^ 

M 

F 

r 

EIT] 

U -ijl 

* i ! 

— « — ' 

H jfe> 

Uif j 

1 i 

tU 

•« 

.r . u 

rji  1 1 1 1 •* 

Jj 

END 

DATE 

FILMED 

■5^77 

OFFICE  OF  NAVAL  RESEARCH 


4*? 


Contract  No.  N00014-75C-0292 


TECHNICAL  REPORT 


ELASTIC  AND  INELASTIC  CONTRIBUTIONS  TO  THE 
AUGER  ELECTRON  APPEARANCE  POTENTIAL  SPECTRUM  OF  TITANIUM 


Marten  den  Boer,  Philip  I.  Cohen  and  Robert  L.  Park 
Department  of  Physics  and  Astronomy 
University  of  Maryland 
College  Park,  Maryland  20742 


March  28,  1977 


Submitted  to  Surface  Science 


Reproduction  in  whole  or  in  part  is  permitted  for 
any  [ urpose  of  the  United  States  Government 


DIST  UBUTION  OF  THIS  DOCUMENT  IS  UNLIMITED 


0/  D D C 

fnicfsznimc 


n 'i  22  1977 

It' , 

Li  bih&£\Tm. 

D 


SEC  JRITY  CL  ASStFlCATiON  OE  This  rage  fHTiwn  Data  Enlat*  I) 


REPORT  DOCUMENTATION  PAGE 


RKAI)  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


1 IEPORT  NUMBER 


TTgOVT  ACCESSION  no. I j RECIPIENT’S  CATALOG  NUMBER 


N00014- 75C-029  2 


4---TITLE  fun;?  - - — , 

1 I ELASTIC  AND  JNELASYIC  CONTRIBUTIONS  TO  THE 
. i AUGER  ELECTRON  APPi  ARANd  POTENTIAL  SPECTRUM  j 
OF  JITANIUM  0 


7.  AU  ThOR^iJ  

4 %™'in  Boer,  Philip  T . /Cehen^-iflBBl 
Roiert  L./^ark 

"5  PERFORMING  ORGANIZATION  NAME  AND  AOORESS  * 

Department  of  Physics  and  Astronomy  - 
University  of  Maryland 

College  Park,  Maryland  .'0  742 

II  CON  TROLLING  OFFICE  NAME  AND  ADC  RESS 

Office  of  Naval  Research 
800  N.  Quincy  Street 

Arlington,  Virginia  222; 7 

H MONITORING  AGENCY  NAME  A ADORES  $(//  dlllaron  ( Irom  Controlling  Oiflca) 


5 TyPE  Or  REPORT  A PERJQi  • COVERED 

Technical  Report 

/ s i 


MING  ORG.  REPORT  NUMBER 


/NOOO14-75/-0292  S 


10  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  » WORK  UNIT  NUMBERS 


U REPormtAT'E 

March  28,  1977 

U NUMBER  OF  PAGES 

22  ~l  1 I >1 0 

if iwt-’^i».. 

'5.  SECURITY  CL  ASS  Co#  »h(*  f.porl) 

Unclassl f ied 


I5a.  DECLASSIFICATION  DOWNGRADING 
SCHEDULE 


i«  distribution  statement  (oi  im.  Report) 


Approved  for  public  release;  distribution  unlimited 


I 17  DISTRIBUTION  statement  ( 0/  the  mbilrmc I entered  In  Block  20,  II  dltlerent  from  Report) 


i*.  supplementary  notes 

Technical  report,  submitted  for  publication  in  Surface  Science 

19  KEY  WORDS  (Coo  Inue  on  ravaraa  elde  II  nacaaaary  And  Idmntlly  by  block  number) 

Surfaces,  Titanium,  appearance  potentials,  secondary  electrons. 
Auger  el  ict rons 


To  Afr^TR  «CT  (Contlnua  on  ravaraa  alda  II  nacaaaary  and  Idantlly  by  block  numbar) 

“T’he  energy  distribution  of  electrons  contributing  to  the  L-she 1 1 Auger 
electron  appearance  potential  spectrum  of  a polycrystal  1 1 ne  titanium 
surface  has  been  measured.  The  Auger  electron  appearance  potential  spec- 
trum Is  ob.ained  by  differentiating  the  total  secondary  electron  yield  of 
an  electro  i bombarded  sample  as  a function  of  incident  electron  ene  rgy. 

At  t te  threshold  for  scattering  from  a core  level  the  secondary  yie  Id 
increases.  Most  of  the  electrons  contributing  to  this  increase  ha\e  (cont.) 

aB  ££  l £4 

0D  , X-,  1473  EDITION  OF  1 NOV  «!  IE  OBSOLETE 

S/N  0 10  I*  0 14'  *60  I | 


SECURITY  CLASSIFICATION  OF  THIS  PACE 


Ami  Dill  Entered) 


20.  ^^energies  bel  >w  30  eV,  and  result  from  secondary  processes  following 
Auger  recombination  of  the  core  hole.  The  elastic  yield  decreases 
at  the  threshold,  however,  due  to  opening  a new  channel  for  Inelastic 
scattering.  A comparison  of  the  elastic  yield  spectrum  (DAPS),  the 
total  yield  spectrum  (AEAPS)  and  the  soft  X-ray  yield  spectrum  (SXAPS) , 
shows  very  similar  line  shapes,  but  differences  in  the  relative 
strength  of  the  lines. 


Elastic  and  Inelastic  Contributions  to  the 
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Department  of  Physics  and  Astronomy 
University  of  Maryland 
College  Park,  Maryland  20742 


ABSTRACT 

The  energy  distribution  of  electrons  contributing  to 
the  L-shell  Auger  electron  appearance  potential  spectrum  of 
a polycrystalline  titanium  surface  has  been  measured.  The 
Auger  electron  appearance  potential  spectrum  is  obtained  by 
differentiating  the  total  secondary  electron  yield  of  an 
electron  bombarded  sample  as  a function  of  incident  electron 
energy.  At  the  threshold  for  scattering  from  a core  level 
the  secondary  yield  increases.  Most  of  the  electrons  con- 
tributing to  this  increase  have  energies  below  30  eV,  and 
result  from  secondary  processes  following  Auger  recombination 
of  the  core  hole.  The  elastic  yield  decreases  at  the  thres- 
hold, however,  due  to  opening  a new  channel  for  inelastic 
scattering.  A comparison  of  the  elastic  yield  spectrum  (DAPS), 
the  total  yield  spectrum  (AEAPS)  and  the  soft  X-ray  yield 
spectrum  (SXAPS),  shows  very  similar  line  shapes,  but  differ- 
ences in  the  relative  strengths  of  the  lines. 

This  work  was  supported  by  the  Office  of  Naval  Research 
under  Grant  N00014-75C-0292. 


INTRODUCTION 


Appearance  potential  spectroscopy  measures  the  threshold  potentials 

for  the  creation  of  excited  core  states  of  atoms  in  the  surface  region 

of  a solid.  Fine  structure  above  the  excitation  edges  is  related  to 

the  density  of  unfilled  states.  In  the  soft  X-ray  appearance  potential 
1 2 

technique  ’ the  total  X-ray  yield  of  an  electron  bombarded  sample  is 

measured  as  a function  of  incident  electron  energy.  Differentiation 

enhances  the  threshold  structure  relative  to  a smoothly  rising  bremsstrah- 

lung  background.  Soft  X-ray  appearance  potential  spectroscopy  (SXAPS) 

has  found  use  in  recent  years  primarily  as  a high-resolution  core  level 

probe  of  the  electronic  structure  of  the  surface  region. 

In  the  energy  range  of  interest  for  surface  studies  (<  2000  eV)  an 

excited  core  state  is  much  more  likely  to  decay  by  an  Auger  process  than 

by  emission  of  an  X-ray  photon.  Early  attempts  to  identify  these  thres- 

3 

holds,  however,  were  indecisive.  Farnswoith  concluded  that  correlations 

of  inflections  in  the  secondary  yield  witli  the  critical  potentials  for 

X-ray  production  were  fortuitous.  Richardson,  on  the  other  hand,  reported 

that,  although  there  were  many  unexplained  inflections  in  the  secondary 

electron  yield,  the  yield  increased  at  every  potential  for  which  an 

increase  in  soft  X-ray  emission  could  be  detected.  This  structure  is 

extremely  weak,  and  difficult  to  identify  in  the  total  yield.  But  although 

weak,  these  thresholds  are  quite  sharp  and  may  be  detected  in  the  derivative 

of  the  secondary  electron  yield. This  technique  has  been  termed  Auger 

electron  appearance  potential  spectroscopy  (AEAPS). 

A similar  procedure  that  also  examines  excitation  thresholds  has 

1 8 

been  used  by  Kirschner  and  Staib  ’ in  a technique  to  which  they  refer  as 
Msappearance  Potential  Spectroscopy  (DAPS).  In  this  technique  one 
measures  changes  in  only  the  elastic  secondary  electron  yield.  Although 
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the  total  secondary  emission  may  increase  at  an  excitation  threshold, 
the  elastic  scattering  coefficient  decreases  because  of  the  availability 
of  a new  channel  for  inelastic  scattering.  This  technique  appears  to  be 

g 

somewhat  more  surface  sensitive  than  AKAPS,  but  a thorough  comparison 
has  not  been  made.  These  two  techniques  sample  different  energy  ranges 
of  secondary  electrons  and  their  detailed  understanding  requires  a 
knowledge  of  the  change  in  the  distribution  of  secondary  electrons  as  an 
excitation  threshold  is  crossed. 

The  distribution  of  electrons  contributing  to  the  AEAPS  signal  is 
also  relevant  to  efforts  to  interpret  Auger  electron  spectroscopy  (AES) 
quantitatively.  To  interpret  the  measured  line  shapes  of  Auger  signals 
requires  a knowledge  of  the  secondary  emission  from  electron  sources 
inside  the  material.  We  believe  that  the  energy  distribution  of  the 
electrons  contributing  to  the  AEAPS'  signal  gives  considerable  insight 
into  these  secondary  emission  processes. 

In  the  present  paper  we  present  a study  of  the  energy  distribution 
of  the  electrons  contributing  to  the  (2p  3/2)  and  (2s)  Auger 
electron  appearance  potential  spectrum  of  a polycrystalline  Ti  surface. 

It  will  be  shown  that  most  of  the  electrons  have  energies  below  about 
30  eV,  but  that  the  details  of  the  distributions  are  different  for 
different  excitation  thresholds.  In  addition,  we  compare  L-shel 1 spectra 
measured  by  DAPS,  AEAPS,  and  SXAPS. 

EXPERIMENTAL 

Auger  electron  appearance  potential  spectroscopy  is  ordinarily 

carried  out  with  a simple  triode  arrangement  in  which  the  sample  forms 

9 

the  anode,  and  the  sample  current  is  differentiated.  In  this  form 
AEAPS  is  the  simplest  of  all  core  level  spectroscopies.  To  determine 
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the  energy  distribtuion  of  electrons  contributing  to  the  spectrum, 

however,  we  have  employed  a 2tt  spherical  grid  retarding  analyzer  shown 

schematically  In  Figure  1.  Electrons  impinge  on  the  sample  surface  at 

normal  incidence  and  are  backscattered  into  a nearly  field-free  region. 

A small  positive  bias  is  maintained  on  the  first  grid  to  avoid  space 

charge  problems.  Analysis  is  performed  by  the  second  and  third  grids, 

which  are  connected  together.  They  function  as  a high  pass  filter  that 

serves  to  reject  electrons  of  energy  less  than  eV  , where  V is  the 

a a 

potential  of  the  grids  relative  to  the  sample.  A fourth  grid  is  commonly 
used  as  a capacitive  shield,  but  is  not  required  if  the  potential  modu- 
lation is  superimposed  on  either  the  sample  or  the  gun  filament. 

For  AEAPS  the  analyzing  potential  is  set  at  zero  to  pass  all  secon- 
daries. The  2tt  collector  measures  essentially  all  secondaries  which  are 
not  scattered  directly  back  into  the  electron  gun.  For  DAPS  the  analyzing 
grid  is  biased  with  respect  to  the  electron  source  rather  than  ground. 

The  bias,  V^,  is  generally  set  a few  volts  positive  with  respect  to  the 
filament,  to  pass  only  elastically  and  quasi-elastically  scattered  electrons. 
For  the  experiments  described  here,  however,  the  effect  of  increasing  the 
bias  to  pass  more  secondaries  was  examined.  In  both  the  DAPS  and  AEAPS 
measurements,  the  collected  electrons  pass  through  the  same  grids,  and 
relative  measurements  should  be  unaffected  by  transmission  losses. 

Because  the  secondary  electron  background  is  poorly  behaved  in  both 
AEAPS  and  DAPS,  It  is  generally  better  to  make  measurements  in  the  second 
derivative  rather  than  the  first.  This  is  done  by  detecting  the  second 
harmonic  of  the  modulation  frequency.  The  Incident  electron  energy  is 
modulated  by  superimposing  a small  sinusoidal  oscillation  ("v  0.1  V r.m.s.) 


on  the  accelerating  potential.  The  spectrum  is  obtained  by  plotting  the 
amplitude  of  the  second  harmonic  variation  of  the  collector  current,  as 
the  primary  electron  energy  eV^  is  ramped.  The.  resolution,  which  is 
typically  .5  eV,  is  limited  by  the  spread  in  incident  electron  energy, 
with  slight  additional  broadening  from  the  oscillation  amplitude. 

Slight  variations  in  the  circuitry  allows  the  Auger  electron 
spectrum  (AES)  or  characteristic  loss  spectrum  (CLS)  to  be  obtained. 

For  these  purposes  the  gun  potential  is  fixed  at  some  arbitrary  value, 
well  removed  from  any  appearance  potentials.  The  spectra  are  obtained 
by  ranping  the  potential  on  the  analyzing  grids  and  again  plotting  the 
amplitude  of  the  second  harmonic  content  of  the  collector  signal.  For 
characteristic  loss  spectra  the  modulation  is  superimposed  on  the  fila- 
ment potential.  This  has  the  effect  of  selecting  signals  correlated 
with  the  incident  electron  energy.  ^ To  obtain  the  Auger  electron  spectrum 
the  modulation  is  applied  between  the  sample  and  ground.  This  effectively 
discriminates  against  features  correlated  with  the  incident  electron 
energy. 

The  Auger  electron  spectrum  of  the  polycrystalline  titanium  sample 
used  in  this  study  is  shown  in  Figure  2.  Traces  of  carbon  and  oxygen 
impurities  are  evident  on  the  surface.  The  sample  was  cleaned  by  argon-ion 
sputtering  and  annealing.  Some  argon  remains  imbedded  in  the  sample  after 
a brief  anneal.  Extended  annealing,  however,  resulted  in  a diffusion  of 
sulfur  to  the  surface.  The  base  pressure  in  the  stainless  steel  bell  jar 
system  was  below  10  ^ Torr.  The  Auger  spectrum  gave  no  evidence  of  con- 
tamination from  background  gases  over  periods  much  longer  than  was  required 


to  obtain  the  data. 
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A polycrystalline  sample  was  selected  to  reduce  the  effect  of  dif- 
fraction on  the  secondary  electron  yield. ^ On  the  polycrystalline 
sample,  the  diffraction  related  variations  damp  out  rather  quickly,  and 
in  the  vicinity  of  the  L-shell  spectrum  (450  - 560  eV)  background 
variations  are  not  a serious  problem. 

RESULTS 

Titanium's  L-shell  Auger  electron  appearance  potential  spectrum 
(AEAPS)  is  shown  together  with  its  disappearance  potential  spectrum 
(DAPS)  in  Fig.  3.  In  AEAPS,  the  second  derivative  of  the  total 
secondary  eLectron  yield  was  obtained  with  the  analyzer  grids  at  ground 
potential  (V  =0).  Tn  DAPS,  the  second  derivative  of  the  quasi- 
elastic  ctmponent  of  the  secondary  electron  yield  was  obtained  with  the 
analyzer  grids  set  to  pass  only  electrons  that  had  lost  no  more  than 
5 eV  with  respect  to  the  incident  electron  energy. 

The  most  obvious  difference  between  the  AEAPS  and  DAPS  spectra  is 
that  the  signals  are  180°  out  of  phase.  This  means  that  the  number  of 
true  secondary  electrons  produced  by  the  decay  of  the  core  hole  exceeds 
the  number  of  elasticallv  reflected  electrons  lost  to  the  excitation 
process.  This  is  not  a result  that  could  have  been  anticipated  with  any 
certainty.  Indeed,  if  may  well  prove  not  to  be  the  case  for  all  levels 
of  all  materials. 

A clearer  understanding  of  the  processes  involved  can  be  obtained 
by  considering  the  energy  distribution  of  the  secondary  electrons  con- 
tributing to  the  AEAPS  spectrum.  This  distribution  can  be  obtained  by 
comparing  the  secondary  electron  energy  distribution  measured  with  the 
primary  electron  energy  just  below  a given  threshold  for  core  level 


excitation  with  that  measured  when  the  primary  energy  is  just  above  the 


threshold.  In  practice  this  comparison  is  made  by  measuring  the  amplitude 
of  the  appearance  potential  spectrum  as  a function  of  the  potential  on  the 
analyzing  grids. 

The  results  for  the  and  l,j  appearance  potential  spectra  are  shown 
in  Fig.  4.  The  plots  were  taken  in  two  parts.  Below  300  V,  the  potential 
on  tiie  analyzing  grids  (V  ) was  applied  with  respect  to  the  sample,  and 
the  modulation  was  imposed  on  the  sample  potential  (Fig.  1).  This  amounts 
to  comparing  the  "turned-on"  and  "turned-off"  distributions  lined  up  at 
zero  kinetic  energy.  The  characteristic  loss  features,  however,  are 
shifted  in  energy  by  the  modulation.  This  produces  large  artifacts  when 
the  analyzer  potential  begins  to  cut  off  the  characteristic  loss  features. 

To  compare  the  turned-on  and  turned-off  distributions  at  high  energies 
therefore,  the  analyzing  grids  were  biased  with  respect  to  the  filament 
and  the  modulation  was  imposed  on  the  filament  potential.  This  has  the 
effect  of  comparing  the  turned-on  and  turned-off  distributions  matched 
at  the  elastic  peak. 

The  (2p  ^12)  Plot-  was  taken  by  ramping  the  potential  on  the  anal- 
yzing grids  with  the  primary  electron  energy  set  to  coincide  with  the 
first  maximum  of  the  appearance  potential  spectrum.  Similar  results 
are  obtained  by  setting  on  any  other  feature  of  the  spectrum. 

The  I.j  (2s)  appearance  potential  spectrum  was  too  weak  to  permit 
a continuous  plot  of  its  amplitude  as  a function  of  analyzer  potential. 

Its  amplitude  was  therefore  measured  point  by  point  as  indicated  by  the 
open  circles  in  Fig.  4. 

Positive  values  in  Fig.  4 correspond  to  the  case  in  which  the  collector 
current  increases  at  the  threshold  for  core  excitation.  Thus,  more  sec- 
ondary electrons  are  gained  from  the  decay  of  the  core  hole  than  are  lost 
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due  to  its  creation.  As  the  analyzing  grid  potential  (V  ) is  increased, 
secondary  electrons  with  energies  less  than  eV  are  rejected.  Therefore, 

3 

the  amplitude  decreases. 

At  only  about  25  V,  the  L.^  appearance  potential  spectrum  is  effectively 
cancelled.  As  the  potential  on  the  analyzing  grids  is  further  increased, 
t lie  spectrum  reappears  inverted.  The  initially  rapid  decrease  means 
that  most  of  the  electrons  contributing  to  the  L.^  Auger  electron  appearance 
potential  spectrum  have  energies  below  about  30  eV  (making  correction  for 
the  work  function  of  the  analyzing  grids). 

This  might  at  first  seem  surprising,  since  it  is  clear  from  the 
Auger  electron  spectrum  in  Fig.  2 that  the  principal  Auger  peaks  resulting 
from  radiationless  recombination  of  the  hole  have  energies  in  the 
neighborhood  of  400  eV.  The  explanation,  of  course,  is  that  many  Auger 
electrons  are  ine last ically  scattered  before  escaping  from  the  sample. 

The  number  of  emitted  low-energy  secondary  electrons  resulting  from  this 
inelastic  scattering,  greatly  exceed  the  number  of  Auger  electrons  that 
escape  without  inelastic  collisions. 

Some  idea  of  the  energy  distribution  of  electrons  emitted  as  a result 
of  a particular  Auger  transition,  could  be  gained  from  an  examination 
of  the  secondary  electron  energy  distribution  resulting  from  the  impact 
of  monoenerget ic  electrons  from  a”  external  source.  Such  a distribution 
for  the  polycrystalline  titanium  sample  used  in  these  studies  is  shown 
in  Fig.  5.  The  spectrum  was  taken  in  two  parts.  The  part  labelled 
"emission"  corresponds  to  those  features  of  the  secondary  electron  energy 
distribution  that  are  uncorrelated  with  the  energy  of  the  incident  electrons. 
The  emission  spectrum  results  from  the  decay  of  excited  states  created  by 
stopping  the  incident  electron  beam.  The  electrons  contributing  to  the 
emission  spectrum  are  sometimes  called  the  "true"  secondary  electrons. 
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The  contribution  labelled  "loss"  represents  those  features  >f  the 
secondary  electron  energy  distribution  that  are  correlated  in  energy 
with  the  incident  electrons,  and  hence  represents  elastically  scattered 
electrons,  plus  those  electrons  that  have  suffered  discrete  energy 
losses  in  the  creation  of  excited  states.  Normally,  the  secondary 
electron  energy  distribution  is  given  by  the  sum  of  the  emission  and  loss 
spectra . 

A particular  Auger  transition  will  result  in  a somewhat  similar 
spectrum:  an  elastic  peak  representing  the  full  energy  of  the  ejected 

electrons;  a number  of  characteristic  loss  features;  and  a large  low 
energy  peak.  The  proportions  of  these  contributions  will  be  different, 
however,  since  the  Auger  electrons  originate  from  a distribution  of 
internal  sources.  Thus,  the  rapid  decrease  of  the  appearance  potential 
signal  with  analyzer  potential  simply  means  that  for  internal  Auger 
sources,  as  with  external  beams  of  electrons,  most  of  the  emitted  elec- 
trons are  contained  in  the  true  secondary  maximum  at  low  energies. 

The  derivative  of  the  plot  of  appearance  potential  amplitude  as  a 
function  of  analyzer  potential  in  Fig.  A should  provide  us  with  the 
energy  distribution  of  electrons  contributing  to  the  appearance  potential 
spectrum,  but  this  is  a rather  different  sort  of  distribution.  The  dis- 
tribution has  a large  true  secondary  peak  at  low  energies,  and  a sharp 
elastic  peak  at  the  high  energy  limit.  However,  the  change  in  true 
secondaries  contributes  to  an  increased  yield  above  the  threshold,  whereas 
the  change  in  elastic  yield  produces  a decrease  in  total  yield.  Therefore, 
the  derivative  of  Fig.  A would  more  nearly  resemble  the  difference  between 
the  emission  and  loss  portions  of  the  secondary  electron  energy  distribu- 
tion (Fig.  5),  than  their  sum. 


The  overall  shape  of  the  distribution  of  electrons  contributing 
to  the  Auger  electron  appearance  potential  spectrum  is  similar  to 
that  of  the  L.^,  but  is  shifted  upward.  As  a result  it  does  not  cross 
zero  until  about  325  V,  indicating  a much  smal  er  relative  elastic  con- 
tribution. This  is  also  evident  in  Fig.  3,  in  which  the  strength  of  the 
2s  disappearance  potential  spectrum  is  much  weaker  relative  to  the  2p, 
than  is  the  case  for  the  Auger  electron  appearance  potential  spectrum. 

There  is  of  course  no  reason  to  expect  the  relative  elastic  and  inelastic 
contributions  to  the  yield  to  be  the  same  for  all  levels.  The  difference 
in  this  case  is  at  least  partially  attributable  to  the  2p  * 2s  Coster- 
Kronig  transition.  Thus  the  recombinat ion  of  a 2s  Isold  should  produce 
the  same  distribution  of  emitted  electrons  as  recomb  intit  ion  oi  a 2p, 
plus  those  secondaries  associated  with  the  Coster-Kronig  transition. 

A comparison  with  the  soft  X-ray  appearance  potential  spectrum  of 

the  same  levels  is  of  interest.  SXAPS  measures  the  increase  in  X-ray 
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yield  on  crossing  the  threshold  for  excitation  of  a core  hole.  ’ The 
strong  2p  *•  2s  transition  nonradiatively  transfers  the  2s  hole  to  the 
2p  level.  The  excitation  of  the  2s  (L^ ) level  is  therefore  signalled  by 
an  increase  in  the  yield  of  X rays  essentially  identical  to  that  for  ex- 
citation of  a 2p.  Therefore,  the  soft  X-ray  appearance  potential  spectrum 
should  accurately  reflect  the  relative  excitation  probabilities  of  the 
L.j  and  levels. 

The  DAPS,  AEAPS  and  SXAPS  spectra  of  the  titanium  I.-shell  are  compared 
in  Fig.  A.  The  spectra  were  taken  using  the  same  sample.  The  DAPS  and 
AEAPS  spectra  were  taken  under  essentially  identical  conditions.  The  SXAPS 
spectrum,  however,  required  a much  higher  primary  current,  and  hence  some 
sample  heating  was  involved.  The  modulation  amplitude  was  the  same  fr- 
ail three  techniques,  but  a different  electron  source  was  used  for  SXAPS 


and  hence  the  resolution  may  have  been  slightly  different.  The  modulation 
amplitude  was  increased  somewhat  over  that  used  for  Fig.  3,  to  reduce  the 
integration  time. 

The  line  shapes  in  all  three  techniques  are  similar,  although  small 
differences  can  be  seen.  These  differences  may  relate  to  the  fact  that 
DAPS  and  AEAPS  examined  a small  region  of  he  surface,  while  the  incident 
electrons  in  SXAPS  were  spread  over  a much  larger  area.  Our  point  here, 
however,  is  that  the  strength  of  the  2s  sp  ictrum  relative  to  the  2p,  is 
about  the  same  for  AEAPS  and  SXAPS,  whereas  for  DAPS  the  2s  is  relatively 
much  weaker.  Thus,  AEAPS  appears  to  accurately  reflect  the  relative 
excitation  probabilities  of  the  levels.  The  reasons  for  the  relative 
weakness  of  the  2s  disappearance  potential  spectrum  is  not  understood. 

DISCUSSION 

It  is  clear  from  the  comparison  of  SXAPS,  AEAPS  and  DAPS  chat  all 

three  spectroscopies  provide  essentially  t lie  same  information.  The  high 

primary  currents  required  in  SXAPS,  however,  create  serious  problems. 

These  high  currents  are  necessitated  by  low  fluorescence  yields  for  soft 

X rays  and  poor  detection  efficiency.  Conventional  metal  photocathodes, 

such  as  the  one  used  to  obtain  the  plot  in  Fig.  6,  typically  have  quantum 

-2 

efficiences  for  soft  X rays  of  10  . Using  a more  sophisticated  soft 

X-ray  detector,  consisting  of  a surface-barrier  detector  and  an  aluminum 
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filter,  Anderson,  et.  al.  have  been  able  to  reduce  the  primary  current 

by  at  least  an  order  of  magnitude.  This  has  enabled  them  to  follow 
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spectral  changes  produced  by  strongly  chemisorbed  gases. 
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Even  with  perfect  detectors,  however,  the  sensitivity  of  SXAPS  is 

limited  by  the  low  fluorescence  yields  in  the  .ioft  X-ray  region.  These 

-2 

yields  are  typically  about  10  . Therefore  it  is  not  surprising  that, 

for  a given  s ignal-to-noise  ratio,  Auger  electron  appearance  potential 
spectroscopy  requires  much  lower  primary  electron  currents  than  SXAPS 
in  any  form. 

Sensitivity,  however,  is  not  generally  limited  by  s ignal-to-noi se 

14 

ratio,  but  by  the  signal-to-background  ratio.  The  background  in 
AEAPS  and  DAPS  is  poorly  behaved.  It  is  well  l nown  that  at  low  energies 
the  secondary  electron  yield  is  modulated  by  diffraction  effects.^ 
Depending  on  the  crystallinity  of  the  sample,  this  structure  may  persist 
to  several  hundred  eV,'1  particularly  for  materials  with  high  Debye  tem- 
peratures. This  diffraction  structure  is  the  chief  obstacle  to  the  appli- 
cation of  AEAPS  and  DAPS  to  chemisorption  studies.  Experiment  suggests, 
however,  that  the  diffraction  effects  are  contained  largely  in  the 
elastic  signal.  It  may  therefore  be  possible  to  reduce  this  effect  bv 
measuring  just  the  inelastic  signal. 

For  chemisorption  studies  the  incident  electron  beam  in  AEAPS  and 
DAPS  can  be  defocussed  to  further  reduce  the  current  density  at  the 
surface.  Since  the  resolution  of  appearance  potential  spectrometers  is 
fixed  by  the  spread  in  incident  electron  energies,  a defocussed  electron 
beam  creates  no  difficulty.  Indeed,  the  simplest  way  to  obtain  the 

AF-APS  spectrum  Is  to  differentiate  the  sample  current. 

> 

It  would  appear  from  Fig.  3 that  although  the  2p  AEAPS  signal  is 
larger  than  the  DAPS,  the  signal-to-noise  ratio  is  lower.  This  is  not 
surprising.  The  shot  noise  in  t lie  AEAPS  spectrum  is  contributed  by  the 


total  secondary  yield,  whereas  in  DAPS  only  the  much  smaller 
elastic  yield  contributes.  The  situation  is  just  reversed  for  the  2s 
spectrum  however.  The  2s  signal  is  proportionately  so  much  smaller  in 
DAPS  that  the  signal-to-noise  ratio  is  greater  for  AEAPS.  Thus  it  seems 
that  no  .simple  rules  based  on  signal-to-noise  ratio  can  he  stated  to 
assist  in  choosing  between  these  techniques.  As  is  so  often  the  case,  it 
is  probably  best  to  have  both. 
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FIGURE  CAPTION; 

1.  Schematic  diagram  of  the  Spectrometer.  The  secondary  electrons 
from  an  electron  beam  at  normal  incidence  to  the  sample  are  analyzed  and 
collected  with  hemispherical  grids.  To  o>tain  the  second  derivative  of 
the  collector  current,  a small  modulation  is  superimposed  on  the  incident 
beam  energy  and  the  second  harmonic  is  de.ected.  With  the  switch  in 
position  "a",  only  those  secondaries  with  energy  greater  than  eV  are 

3 

collected.  Va  = 0 corresponds  to  an  AEAPS  measurement  (total  yield.) 

With  the  switch  in  position  "d",  only  those  secondaries  that  have  an 
energy  less  than  eVr  below  the  primary  are  collected.  adjusted  to 

admit  only  those  electrons  in  the  elastic  peak  corresponds  to  a DAPS 
measurement  (elastic  yield). 

2.  The  Auger  electron  spectrum  of  the  polycrystalline  Ti  sample. 

The  excitation  beam  energy  is  1600  eV.  The  sample  surface  was  prepared 
by  Ar  ion  bombardment  and  annealing. 

3.  Elastic  (DAPS)  and  total  yield  (AF.APS)  spectra  of  the  Ti  2p  and 
2s  levels.  The  total  yield  increases  at  the  threshold  for  core  le”el 
excitation  while  the  elastic  yield  decreases.  Apart  from  this  inversion, 
their  shapes  are  essentially  identical. 

4.  Amplitude  of  the  second  derivative  appearance  potential  signal 
from  the  2p  (solid  curve)  and  2s  (open  circles)  core  levels  of  Vi  as  a 
function  of  the  analyzer  retarding  potential.  To  avoid  attifacts,  above 
300  V the  sample  potential  was  modulated  witn  respect  to  the  analyzer 
grid  and  gun  filanent.  Below  300  V,  the  gun  filament  potential  was 
modulated  with  respect  to  the  sample  and  analyzer.  The  resulting  curves 
represent  the  integrated  energy  distribution  of  electrons  contributing 
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to  the  2p  and  2s  signals.  The  analyzer  voltages  corresponding  to  the  AEAPS 
and  DAPS  modes  are  indicated  on  the  2p  curve.  The  AEAPS  spectrum  was  taken 
at  zero  analyzer  voltage  and  the  DAPS  spectrum  with  a 5 V bias  with  respect 
to  the  gun  filament. 

5.  Secondary  electron  energy  distribution  resulting  from  a 450  eV 
electron  beam  at  normal  incidence  to  the  1 i sample.  The  distribution  is 
divided  into  "emission"  and  "loss"  parts.  In  the  loss  part  the  primary 
ent rgy  is  modulated  so  that  only  features  correlated  in  energy  with  the 
primary  beam,  such  as  the  elastic  and  chat acteristic  loss  peaks,  are  detected. 
In  the  emission  part,  the  sample  potential  is  modulated  so  that  only  features 
uncorrelated  with  the  primary  energy  are  measured.  It  consists  of  electrons 
arising  from  decay  of  excited  states  in  the  metal.  These  include  the  "true" 
secondary  peak  and  Auger  electrons. 

6.  Comparison  of  the  DAPS,  AEAPS,  and  SXAPS  spectra  of  the  Ti  2p 

and  2s  levels.  The  second  derivative  signal  is  plotted  vs.  the  accelerating 
potential  (the  primary  energy  apart  from  a work  function  correction).  The 
spectra  measured  by  the  three  techniques  are  very  similar  in  shape  though 
the  disappearance  spectrum  is  opposite  in  sign.  The  amplitude  of  the 
DAPS  2s  feature  is  much  weaker  relative  to  the  2p  than  is  the  case  for 
either  AEAPS  and  SXAPS.  The  DAPS  and  AEAPS  spectra  can  be  taken  with 
much  smaller  Incident  currents,  1^,  and  shorter  integration  times,  T.C., 
than  are  required  for  comparable  SXAPS  spectra. 
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